Microbes belonging to the genus Metallosphaera oxidize sulfidic minerals. These organisms thrive at temperature extremes and are members of the archaeal phylum Crenarchaeota. Because they can employ a lithoautotrophic metabolism, energy availability likely limits their activity raising questions about how they conduct biogeochemical activity. Vesicles are membrane encapsulated structures produced by all biological lineages but using very different mechanisms. Across the Crenarchaeota, it has been proposed that a eukaryotic-like Endosomal Sorting Complex Required for Transport system promotes formation of these structures but in response to unknown signals and for undefined purposes. To address such questions, Metallosphaera sedula vesicle formation and function were studied under lithoautotrophic conditions. Energy deprivation was evaluated and found to stimulate vesicle synthesis while energy excess repressed vesicle formation. Purified vesicles adhered rapidly to the primary copper ore, chalcopyrite, and formed compact monolayers. These vesicle monolayers catalyzed iron oxidation and solubilization of mineralized copper in a time-dependent process. As these activities were membrane associated, their potential transfer by vesicle fusion to M. sedula cells was examined. Fluorophore-loaded vesicles rapidly transferred fluorescence under environmentally relevant conditions.
geochemical activity. Vesicles are membrane encapsulated structures produced by all biological lineages but using very different mechanisms. Across the Crenarchaeota, it has been proposed that a eukaryotic-like Endosomal Sorting Complex Required for Transport system promotes formation of these structures but in response to unknown signals and for undefined purposes. To address such questions, Metallosphaera sedula vesicle formation and function were studied under lithoautotrophic conditions. Energy deprivation was evaluated and found to stimulate vesicle synthesis while energy excess repressed vesicle formation. Purified vesicles adhered rapidly to the primary copper ore, chalcopyrite, and formed compact monolayers. These vesicle monolayers catalyzed iron oxidation and solubilization of mineralized copper in a time-dependent process. As these activities were membrane associated, their potential transfer by vesicle fusion to M. sedula cells was examined. Fluorophore-loaded vesicles rapidly transferred fluorescence under environmentally relevant conditions.
Vesicles from a related archaeal species were also capable of fusion; however, this process was species-specific as vesicles from different species were incapable of fusion. In addition, vesicles produced by a copper-resistant M. sedula cell line transferred copper extrusion capacity along with improved viability over mutant M. sedula cells lacking copper transport proteins. Membrane vesicles may therefore play a role in modulating energy-related traits in geochemical environments by fusion-mediated protein delivery.
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| INTRODUC TI ON
Lithoautotrophy, the oxidation of inorganic compounds as a source of electrons for cellular respiration, is a metabolic pathway used by some crenarchaeotes, such as Metallosphaera sedula, to obtain energy. Metallosphaera sedula is an aerobic, metal-mobilizing thermoacidophilic archaeon that can oxidize both iron and sulfur to meet its bioenergetic needs (Huber, Spinnler, Gambacorta, & Stetter, 1989; Hugler, Krieger, Jahn, & Fuchs, 2003) and assimilate carbon by autotrophy qualifying it as a lithoautotroph. It grows aerobically on sulfidic ores, such as pyrite, and chalcopyrite (Huber et al., 1989) , using one of two mechanisms to catalyze substrate oxidation (BacelarNicolau & Johnson, 1999) . However, the amount of energy produced through iron oxidation (−2.53 kcal/mol) is near the reported minimum required for life (Hoehler, Alperin, Albert, & Martens, 2001 ).
Lithoautotrophy in particular could impose constraints on growth as a result of limiting proton motive force and availability of ATP (Hoehler & Jorgensen, 2013) .
Membrane vesicles are produced by all three domains of life (Colombo et al., 2013; Keller, Sanderson, Stoeck, & Altevogt, 2006; Mashburn-Warren & Whiteley, 2006; McBroom & Kuehn, 2007; Nieuwland & Sturk, 2010; Soler, Gaudin, Marguet, & Forterre, 2011) . Bacteria release outer membrane vesicles into their environment to promote intercellular communication, transfer toxins, exchange genetic information, and regulate gene expression through quorum sensing molecules (Chiura, Kogure, Hagemann, Ellinger, & Velimirov, 2011; Evans et al., 2012; Hasegawa, Futamata, & Tashiro, 2015; Ho, Chen, Goodwin, Wang, & Xie, 2015; Kadurugamuwa & Beveridge, 1995; Nieuwland & Sturk, 2010; Tashiro, Uchiyama, & Nomura, 2012) . However, mechanisms for bacterial vesicle biogenesis are not well understood. Some propose a constitutive, random, and non-specific release of vesicles as a result of a weakening outer membrane (Mashburn-Warren & Whiteley, 2006) , while others propose that formation occurs as a distinct stress reaction (McBroom & Kuehn, 2007) or, as a result of mechanical shear that tears pieces of the envelope (Hayashi, Hamada, & Kuramitsu, 2002; Zhou, Srisatjaluk, Justus, & Doyle, 1998) .
In eukaryotes, vesicles are produced either by the release of intraluminal exosomes from multivesicular bodies or by fusion with the plasma membrane and outward budding of ectosomes (also called microparticles) (Keller et al., 2006; Soler et al., 2011) spliced directly from the plasma membrane. Each of these processes is mediated by the Endosomal Sorting Complex Required for Transport (ESCRT) and Vps4 proteins (Baietti et al., 2012; Colombo et al., 2013; Gross, Chaudhary, Bartscherer, & Boutros, 2012; Hoshino et al., 2013; Tamai et al., 2010) . Specifically, ESCRT-III protein cleaves the membrane after it has budded by fission to release the vesicle (Wollert et al., 2009) . Following cleavage, Vps4 hydrolyzes ATP to recycle ESCRT-III protein in its soluble monomeric form (Stoorvogel, Kleijmeer, Geuze, & Raposo, 2002; Wollert et al., 2009) In contrast to bacteria, archaeal vesicle synthesis is not driven by shear stresses (Ellen et al., 2009; Grimm et al., 1998; Rachel, Wyschkony, Riehl, & Huber, 2002) and shares features with eukaryotic vesicle formation (Reysenbach et al., 2006; Soler, Marguet, Verbavatz, & Forterre, 2008) . Archaeal vesicles have been shown to be associated with antimicrobial sulfolobicins that inhibit growth of closely related species (Kadurugamuwa & Beveridge, 1995) , transfer toxic sulfur out of the cell (Evans et al., 2012) , and transfer plasmid DNA (Gaudin et al., 2013) . Crenarchaeotes, like eukaryotes, have conserved functions and mechanistic strategies of membrane vesicle release, including the use of ESCRT proteins and ESCRT protein homologs to facilitate these processes. Genomic analyses of these organisms and proteomic analyses of their vesicles revealed the presence of eukaryotic ESCRT-like proteins, specifically ESCRT-III, Vps4, and Snf7-like proteins (Ellen et al., 2009; Makarova, Yutin, Bell, & Koonin, 2010) . These studies indicate that vesicles are budded from the membrane in a specific process resembling eukaryoticlike vesiculation. This supports the notion that archaeal vesicles bud from the membrane in a specific process resembling eukaryotic-like vesiculation.
Although much has been performed to characterize the formation and release of archaeal vesicles, transfer of biological function through fusion has yet to be demonstrated. Here, vesicle formation by M. sedula is shown to be a regulated process that produces biogeochemically active vesicles capable of mineral oxidation. In addition, these vesicles promote the survival of target cells through cellular fusion and concomitant transfer of proteins with beneficial activities in a species-specific manner. These results describe a new process for microbial oxidation that extends biogeochemical action within the constraints of a microbial species.
| MATERIAL S AND ME THODS

| Environmental site sampling
Samples were obtained from Valdes Calderas, NM. Samples consisting of liquid and suspended solids were obtained in glass vessels and neutralized using calcium carbonate prior to transporting to the laboratory at ambient temperature. After removal of solids by centrifugation, the samples were examined by electron microscopy, and either plated directly or used to inoculate Brock salts (BS) (Zinder & Brock, 1978) supplemented with 0.2% (w/v) tryptone at pH 3.0 using optimal growth conditions for enrichment of environmental isolates.
| Archaeal strains and cultivation
All environmental samples were enriched in BS (Zinder & Brock, 1978) supplemented with 0.2% (w/v) tryptone at both pH 2.0 and 3.0 Brock salts supplemented with 0.2% Tryptone (BST). Metallosphaera sedula DSM5348 was cultivated as described (McCarthy et al., 2014) in BS at pH 2.0 supplemented with 0.2% (w/v) tryptone.
Cultures (50 ml) were grown with aeration by agitation at 75°C to mid-exponential phase and subcultured into Applikon 3L bioreactors containing 2.0 L BST medium. Cultures were maintained aerobically at 75°C with agitation (200 RPM) and supplemented with 1 volume of air per volume of media (1 v/vm). Growth was monitored spectrophotometrically at a wavelength of 540 nm. Cells were harvested at mid-exponential phase by centrifugation at 5,000 g for 10 min and resuspended in 50 ml of BS media. Strictly lithoautotrophic conditions were achieved by inoculating cells into a bioreactor containing BS media (pH 2.0), supplemented with 0.1% (w/v) chalcopyrite (CuFeS 2 ) and 0.1% (w/v) witherite (BaCO 3 ), as described (Maezato, Johnson, McCarthy, Dana, & Blum, 2012) . Cultures were maintained under these conditions for 7 days and then harvested.
Sulfolobus species were cultivated at pH 3.0 in BS supplemented with 0.2% (w/v) tryptone, as described . The 98/2 strain of Sulfolobus solfataricus was used in these studies (Hochstein & Stan-Lotter, 1992) . For isolation of vesicles from strains cultivated under heterotrophic conditions, cells were grown in 5 ml of BST and transferred progressively to 50 and 500 ml of BST in flasks.
| Vesicle isolation
Minerals and cells from lithoautotrophic cultures were recovered by centrifugation at 7,000 g at 4°C for 20 min, resuspended in BS and applied to an equal volume of sucrose 80% (w/v), and centrifuged at 2,030 g at 4°C for 2 hr. The surface fraction containing cells and vesicles was obtained, and the cells removed by centrifugation at 7,000 g at 4°C for 15 min. Heterotrophically grown S. solfataricus cultures were harvested, and supernatants were saved for vesicle purification. Supernatants were then filtered using 0.45 μm membranes and the samples concentrated by centrifugation at 7,000 g and room temperature using 50,000 MWCO Amicon spin filters (EMD Millipore). Alternatively, clarified vesicle supernatants were centrifuged at 125,000 g for 45 min at 4°C. Concentrated vesicle pellets from both techniques were further purified by Optiprep density gradient to remove any soluble and precipitated proteins not associated with the vesicle fraction as previously described (Choi & Gho, 2015) . Vesicles were resuspended in 50 mm HEPES pH 7.4 and adjusted to 45% Optiprep in 200 μl final volume. Vesicles were transferred to Beckman 13 × 51 mm Polyallomer centrifuge tubes, and differing concentrations of Optiprep-HEPES layers were added sequentially to the tubes (900 μl 35%, 900 μl 30%, 650 μl 25%, 650 μl 20%, 400 μl 15%, and 500 μl 10%). The tubes were centrifuged at 180,000 g for 3 hr at 4°C. Equal volume fractions were removed from each layer, and the presence of vesicles was analyzed by transmission electron microscopy. The protein content of preparations of membrane vesicles was determined as described (Smith et al., 1985) , using bovine serum albumin as a protein standard. Purified vesicles were checked for cellular contamination by culturing in 3-ml tubes of BS as previously described.
| Microscopy
Environmental samples and purified culture extracts were washed with molecular-grade water (Sigma-Aldrich) in 50,000 MWCO Amicon spin filters at 7,000 g to remove residual salts and iodixanol from the density gradient purification. Cellular samples were treated identically to remove residual salts from culturing conditions. The resulting material was stained with 2% aqueous uranyl acetate and viewed at 80 kV with a Hitachi H7500 transmission electron microscope (TEM). Vesicle and cellular size measurements were completed using ImageJ (Schneider, Rasband, & Eliceiri, 2012) of 10 randomly selected vesicles in TEM micrographs. To determine DNA content, vesicles were stained with 4′, 6-diamidino-2-phenylindole (DAPI), with and without methanol treatment, and viewed on Olympus FV500 confocal laser microscope (CFLM). Direct vesicle counts were determined using CFLM and a Petroff-Hausser counting chamber. Prior to enumeration, vesicles were stained with the lipophilic fluorescent dye BODIPY 505/515 (4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a ,4a-diaza-s-indacene; Invitrogen Molecular Probes) for 1 min, and 10 μl volumes were analyzed with 488 nm excitation and 510 nm emission wavelengths. Sixteen 50 μm by 50 μm grids were counted for each sample, and an average count was obtained and used to calculate vesicle concentration. To evaluate attachment of vesicles to various surfaces, samples were centrifuged at 7,000 g for 10 min and resuspended in 10 ml 3% (v/v) in 0.1 m Sorenson's phosphate buffer (Sörensen, 1909) and then post-fixed using 1% (w/v) osmium tetroxide. Specimens were rinsed twice with 0.1 m Sorenson's phosphate buffer and dehydrated with increasing alcohol concentrations up to 100%. Finally, the specimens were subjected to critical point drying (Samdri-795), coated with chromium in a sputter-coating apparatus (Denton Vacuum, Desk V), and observed using a scanning electron microscope (Hitachi S4700).
| Copper leaching and iron oxidation
To evaluate the copper solubilization capacity of M. sedula cells or vesicles, 5 ml of BS media supplemented with 0.1% (w/v) chalcopyrite and 0.1% (w/v) barium carbonate were treated separately with vesicles or cells in 20 μg amounts, respectively. Direct counts of vesicles and cells were employed to determine the numbers of each that were evaluated in each test. Uninoculated control tubes were included to accommodate abiotic copper solubilization. Tubes were incubated at 75°C with constant aeration using rolling agitators for 7 days. Samples (300 μl) were removed every day to evaluate copper solubilization, filtered using 0.45 μm membranes and stored at 4°C until analyzed. Solublilized copper was determined by Inductively Coupled Plasma Mass Spectroscopy (ICP-MS), as described elsewhere (Maezato et al., 2012; Schelert, Rudrappa, Johnson, & Blum, 2013) . Biological triplicates and technical triplicates were used to derive mean and standard deviation values. Iron oxidation was tested using both pyrite (FeS 2 ) and iron sulfate (FeSO 4 ). Tests were carried out in 1-ml screw cap tubes containing 0.5 ml of BS media, 0.1% (w/v) BaCO 3 , and either 50 mm FeS 2 or 50 mm FeSO 4 . Glass rods (1-mm diameter) inserted in tubes were used to promote aeration during incubation, and vesicles or cells were added in amounts representing 20 μg of protein. Blank tubes without added vesicle or cell samples were included to correct for abiotic oxidation of iron.
All tubes were incubated at 75°C for 5 days with aeration. Samples were taken every day and analyzed for iron by ferrozine assay measurements (Riemer, Hoepken, Czerwinska, Robinson, & Dringen, 2004) , and biological triplicates and technical replicates were used to derive mean and standard deviation values. 
| Vesicle fusion
| Mass spectrometry analysis
To determine the proteomic content of vesicles, protein digestions were carried out as previously reported with minor revisions (Ellen et al., 2009) . Briefly, 100 μg of vesicle biological replicates was suspended in 500 μl denaturing buffer (50 mm Na 2 CO 3 , pH 9.0, 6 m guanidine-HCl, 1% n-dodecyl β-d-maltoside). Samples were sonicated for 20 min in a water bath prior to overnight incubation at 30°C.
The following day, denaturation buffer was removed via diafiltration in a 3 kDa MWCO filter by centrifugation at 7,000 g in 4°C. Samples were brought to 400 μl with NH 4 HCO 3, and buffer exchanges were completed at least eight times. Protein solutions were diluted into 50 mm ammonium bicarbonate prior to reduction with 5 mm DTT, alkylation with 15 mm iodoacetamide, and addition of trypsin at 1:50 enzyme-to-substrate ratios. Samples were incubated for 18 hr at 37°C. The peptides were extracted in 5% trifluoroacetic acid and 50% acetonitrile by incubating for 60 min at room temperature with intermittent vortexing. The extracted peptides were then frozen and concentrated using a Speed Vac. Dried extracts were stored at −80°C and reconstituted in 50 μl 5% formic acid in water prior to LC injection. Alternatively, gel bands were excised and destained in 50 mm ammonium bicarbonate/acetonitrile (v/v 50:50) then reduced in 100 μl of 5 mm Tris (2-carboxyethyl) phosphine (TCEP) and alkylated with 15 mm iodoacetamide. Following alkylation, gel slices were digested for 18 hr in 100 μl 20 μg/ml Trypsin Gold (Promega) at 37°C. Following digestion, peptides were extracted in 50% acetonitrile containing 5% Trifluoroacetic acid (TFA) at room temperature for 50 min with occasional vortexing. Extracted peptides were dried in a speed vac then reconstituted in 25 μl of 0.1% formic acid.
LC-MS/MS spectra were acquired in nano ESI mode on an LTQ Velos Pro mass spectrometer coupled to a dual pressure Dionne 3000 RSLCnano LC. Ten microlitre of the samples was loaded onto a C18 PepMap100 μ-precolumn (300 μm i.d. × 5 mm) at a flow rate of 40 μl/min of Solvent A (0.1% formic acid in water) for 4 min. Peptides were then eluted onto a New Objective 15 cm PicoFrit Reprosil-PUR analytical column at a flow rate of 400 nl/min. To elute the peptides, the following gradient was used: 3 min Solvent B (0.1% formic acid in acetonitrile); ramped to 15% Solvent B over 7 min; ramped to 28% Solvent B over 20 min, then increased to 99% Solvent B over 6 min and held for 1 min. Following hold, the LC was returned to initial conditions (3% Solvent B) to allow the column to reequilibrate for 22 min.
All spectra were acquired in the data-dependent mode with the nano spray voltage set to 1.9 kV and a heated capillary temperature of 250°C. Following a full spectrum scan from m/z 400-2,000, the top three ions were subjected to CID fragmentation performed at 35% normalized collision energy with 30 s dynamic exclusion. Raw data files were converted to Mascot generic format files using MSConvert then searched using an in house 
| Quantitative PCR
Genomic DNA from M. sedula cells was prepared as described previously (Auernik, Maezato, Blum, & Kelly, 2008; . DNA yield was measured on NanoDrop 2000 (Thermo Scientific). Primers were designed with the following characteristics: pitA-and copA-specific primers designed to amplify of 224 and 170 bp amplicons, respectively, no overlapping amplification of other M. sedula genes, each primer size was 20-22 bp, 40%-60% GC content, forward, and reverse primer Tm within 6 degrees, little to no secondary structure formation in primer sequences.
Temperature gradient annealing was carried out by standard PCR to determine the annealing temperature at which there was abundant product and no non-specific amplification. The primers that were used for copy number analysis of pitA and copA gene products are shown in Supporting Information Table S1 . Serial dilutions of total genomic DNA from 1 μg/μl to 1 ng/μl were used in qPCR using an Eppendorf Realplex 2 Mastercycler PCR system (Eppendorf).
Cycle conditions were as follows: initial denaturation at 95°C for 2 min followed by 40 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s each. Samples were quantified in duplicates including no template controls as negative controls. The procedure was repeated identically using biological triplicates of purified CuR1 and WT vesicle samples. Copy numbers for all control and experimental samples were calculated according to Lee et al. (Lee, Kim, Shin, & Hwang, 2006) .
| RE SULTS
| Regulation of vesicle synthesis
Under laboratory conditions of nutrient excess, chemoheterotrophic species of Sulfolobus produce vesicles constitutively and regardless of growth state (Soler et al., 2011) . To determine whether vesicle synthesis occurred in natural settings, environmental samples were analyzed from a terrestrial acidic thermal pool. Filtered supernatants of natural ( Figure 1a ) and nutrient-enriched samples (Figure 1b ) both contained vesicles when examined by transmission electron microscopy. Although it is not known whether these vesicles are derived from archaeal species, they were identified from habitats where archaeal species constitute a majority of the microbial population (Colman et al., 2018) . Furthermore, an environmental isolate purified from the enrichment, S. islandicus, (Figure 1c ) and a type strain of S. solfataricus (Figure 1d ) also produced similar vesicles under chemoheterotrophic conditions. In contrast, Metallosphaera sedula did not produce vesicles when cultivated chemoheterotrophically using cultures of equivalent cell densities and growth states. Instead, energylimited lithoautotrophic conditions using a mineral-based medium triggered vesicle production ( Figure 1e ). Encapsulated vesicles were abundant in the mineral pellet fraction whereas the soluble fraction and chemoheterotrophically grown cells contained no visible or detectable vesicles by microscopy and protein assays, respectively.
Also, the addition of an organic carbon and energy source (tryptone) to this mineral-based medium prevented vesicle synthesis as indicated by microscopy and protein quantitation (Figure 2 ). In contrast, energy-deficient media containing a soluble but low energy-yielding supplement (ferrous sulfate) combined with an insoluble carbon source (barium carbonate) (Maezato et al., 2012) , supported vesicle synthesis (Figure 2 ). Further reductions in energy availability obtained using an inorganic but insoluble energy source (chalcopyrite, CuFeS 2 ) combined with an insoluble carbon source, or an insoluble carbon source without added energy, enhanced vesicle yields in a progressive manner (Figure 2 ).
The amount of energy produced by M. sedula through metal oxidation of mineral ores is dependent on metal resistance traits (Maezato et al., 2012) . As energy availability and vesicle synthesis were inversely related, vesicle synthesis could be affected by varying levels of cellular metal resistance. Therefore, cell lines with mutations causing differences in metal resistance were examined for differential vesicle synthesis using a fluorescent method for vesicle enumeration (Supporting Information Figure S1 ). 
| Surface attachment
As vesicle synthesis appeared to be triggered by energy deprivation, and cells under these conditions became adherent to mineral surfaces (Huber et al., 1989; Maezato et al., 2012) , it was of interest to determine whether vesicles derived from such cultures might also adhere to surfaces. Purified vesicles were incubated with various solid materials and assessed by SEM. Vesicles attached in a progressively more dense fashion to iron-copper sulfide (chalcopyrite).
Within 3 days of incubation, individual vesicles were detected on surfaces relative to a sterile control (Figure 3b ). This was followed by formation of thick monolayers after 7 days (Figure 3c ).
| Metal oxidation and solubilization
To test whether vesicles might harbor similar biochemical activity, iron oxidation and copper solubilization experiments were conducted using purified M. sedula vesicles. Ferrous sulfate oxidation rates of cells and vesicles were examined as a function of incubation under normal cellular growth conditions, and vesicles displayed significant activity (Figure 4a ). After 5 days, vesicles oxidized 60% of total ferrous iron indicating the presence of active redox proteins in the vesicle proteome. Similarly, the ability of vesicles to release copper through solubilization of iron and sulfur was conducted under analogous conditions but using chalcopyrite and barium carbonate supplemented medium. Over 7 days, cells released 30.03 ± 1.53 mg/L copper, whereas vesicles released 9.10 ± 0.17 mg/L after normalization to abiotic controls (Figure 4b ). Using these microscopic and activity data, a comparison of the activities of single vesicles or cells was determined ( 
| Fusion-mediated transfer of copper resistance
To determine the potential for vesicle-to-cell transfer of traits, vesicles were tested for the ability to fuse with cells. Vesicles isolated from wild-type M. sedula and its copper-resistant derivative, CuR1 Negative control tubes containing dye and no vesicles that were treated identically to vesicle samples did not produce the same fluorescent effect on cells. To avoid artifacts resulting from different depths of view, z-scan sliced images were taken to insure the event was occurring within the same plane of view. Images shown are from 1-one micron z-stack within the field-of-view (Figure 5a-d) . Neither cell-to-cell nor vesicle-to-vesicle fusion events were observed during the examination.
As vesicles were capable of fusion to the archaeal species from which they were derived, cross-species fusion with a closely related archaeon, S. solfataricus, was examined to determine the specificity of 
| Proteomic analysis of vesicles
To identify proteins responsible for iron oxidation, copper leaching, and fusion potential, LC-MS/MS analysis of CuR1 vesicles was conducted. OptiPrep gradient-purified vesicles were analyzed by SDS-PAGE and compared to M. sedula membrane preparations (Supporting Information Figure S4 ). Vesicle proteomes displayed distinct enrichment of proteins compared to the cellular membrane from which they are derived. LC-MS/MS analysis routinely identified peptides for hypothetical and other lower abundance proteins with diverse function; however, analysis was focused on proteins (Table 4) . S-layer proteins in Sulfolobus and Metallosphaera are very diverse in homology sharing only 27%
sequence identity between the two related species.
Functional proteins containing cystathionine beta synthase (CBS) domains were also identified that have been suggested to play a role in iron oxidation in this organism (Msed_0486 and Msed_0280) (Auernik & Kelly, 2010) . Two additional proteins with roles in iron oxidation (Auernik & Kelly, 2010) , Msed_0514 (U32 peptidase) and Msed_0517 (flavoprotein), were identified in the proteomic analysis (Table 4 ). The vesicles were also composed of proteins with homology to eukaryotic proteins associated with the process of vesicle fusion. These included Vps4 homologs (Msed_1672 and Msed_1969; 76% and 35% homology to Sso, respectively), CdvA homologs (Msed_2237 and Msed_0210; 76% and 83% homology to Sso, respectively) and the coiled-coil containing Snf-7
homologs (Msed_1671 and Msed_1695; 53% and 71% homology to Sso, respectively) (Table 4) . Additionally, efforts to identify membrane proteins capable of copper extrusion (i.e., CopA and PitA) were unsuccessful likely due to the inherent difficulty of targeted identification of membrane proteins via mass spectrometry.
| D ISCUSS I ON
Synthesis and secretion of membrane vesicles is a common feature of all three domains of life. Bacteria constitutively secrete vesicles to deliver enzymes and quorum sensing molecules (Kadurugamuwa & Beveridge, 1995; Tashiro et al., 2012) , communicate with other cells (Hasegawa et al., 2015) , transfer toxins (Evans et al., 2012) , and exchange genetic information (Bitto et al., 2017) . To date, only vesicle adhesion to cells has been directly shown via electron microscopy (Kolling & Matthews, 1999) most likely due to the rapid nature of the fusion reaction. Indirect measurements of fusion have been focused on delivery of internal vesicle cargo. Fusion is believed to occur between bacterial vesicles and their recipient cells to deliver their internal contents (Kadurugamuwa & Beveridge, 1999) , although it is possible for transfer of the interior cargo without membrane fusion (Hasegawa et al., 2015) . (Kolling & Matthews, 1999) . The regulation of vesicle synthesis in M. sedula exhibits parallels to the regulatory control governing the exosomal process observed in eukaryotes (Chua, Lim, Lee, & Tang, 2012; Fleming et al., 2014; Hopkins, Hodakoski, Barrows, Mense, & Parsons, 2014) . As the trigger for archaeal secretion is associated with energy limitation, it is highly consistent with the organism's natural habitat where inorganic sources provide limited amounts of energy that necessitate reverse electron flow for NADH production (Quatrini et al., 2009 CopA have been characterized previously (Maezato et al., 2012; McCarthy et al., 2014) . As both are integral membrane proteins, their transmission must necessitate membrane fusion. However, the mechanism of fusion must also accommodate the presence of the surface protein monolayer (S-layer) that encompasses the cell membrane surface of M. sedula (Huber et al., 1989) . While fusion might occur by S-layer disassembly that exposes respective membrane surfaces, the absence of cell-to-cell fusion as reported here would exclude this possibility. However, the S-layer proteins in S. solfataricus and M. sedula show very little sequence identity and may represent a potential barrier to cross-species fusion. Both M. sedula and S. solfataricus harbor the capacity for fusion to cells of the same species from which they were derived. This occurrence suggests the capacity for fusion is present in both organisms. Species-specific fusion of the vesicles synthesized by M. sedula and S. solfataricus was evident after repeated attempts at cross-species fusion failed. As fusion appears limited to operation within a single species, protein fusion interaction must be divergent enough to exclude cross-species events.
Fusion in eukaryotes occurs through three classes of proteins that appear to be universally involved in all intracellular fusion reactions: (a) Soluble N-ethylmaleimide-sensitive factor (NSF) Notes. All raw spectra from peptides for proteins listed were manually viewed and filtered based on good mass spectra matches. All peptides were filtered for ion scores ≥30. Shestakova et al., 2010) . Another structurally similar feature of viral and eukaryotic fusion is the formation of coiled coils to mediate fusion to target membranes (Skehel & Wiley, 1998) . It has been hypothesized that formation of coiled coils by fusion proteins releases the energy required for creation and stabilization of the fusion intermediate state (Bentz, 2000; Eckert & Kim, 2001; Harbury, 1998) .
TA B L E 4 LC-MS/MS
Genomic analyses of crenarchaeal organisms and proteomic analyses of their vesicles revealed the presence of eukaryotic ESCRT-like proteins, specifically ESCRT-III, Vps4, and the coiled-coil containing Snf7-like proteins (Ellen et al., 2009; Makarova et al., 2010) .
Proteomics further indicated that these ESCRT-III-like proteins have an N-terminal transmembrane domain, are glycosylated like viral and eukaryotic fusion proteins, and are present in both cellular and extracellular fractions (Ellen, Albers, & Driessen, 2010) . Therefore, a plausible model for archaeal vesicle fusion involves three ESCRT-III-like proteins in crenarchaeotes, CdvA, Vps4, and Snf7, which were found to be present in the M. sedula vesicle proteomes. Each of these proteins share between 70% and 80% sequence identities with Sulfolobus homologs and may be sufficiently divergent to exclude cross-species events. ESCRT-III homologs in crenarchaeotes have already been suggested to be involved in the synthesis F I G U R E 7 Summary of identified biological roles of archaeal vesicles. Metallosphaera sedula regulates secretion of membrane vesicles under environmentally relevant mineral-based growth conditions. Synthesized vesicles maintain the ability to rapidly adhere to insoluble substrates and transform the minerals through oxidation of iron and release of copper into their environment. Additionally, these vesicles harbor the capacity to fuse with cells and deliver cargo/transfer functional membrane proteins [Colour figure can be viewed at wileyonlinelibrary.com]
and secretion of archaeal vesicles (Deatherage & Cookson, 2012; Makarova et al., 2010) . Vps4 proteins colocalize at the membrane in S. solfataricus (Ellen et al., 2009) 
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